Abstract Tree growth in the mid-latitudes of the northern hemisphere reveals significant interannual variation in carbon sequestration, and the variations have been widely attributed to climate change, especially to the recent rapid warming and increasing drought stress. However, the response of natural trees under the different regions that exist in the northeastern QinghaiTibetan Plateau remains unclear. Here, we use nine Qilian juniper (Sabina przewalskii) treering width and basal area increment (BAI) chronologies from the middle of the Qilian Mountains and the northeastern Qaidam Basin to quantify tree growth trends and their response to the recent rapid warming. The trees, growing at high and low elevations, exhibited a consistent pattern of inter-annual variations, with increasing synchronicity in their trends since 1950. Responses to several climate factors indicate that increasing temperature accelerated tree growth in the middle of the Qilian Mountains, but restricted tree growth in the northeastern Qaidam Basin. Moving-window correlation analyses demonstrate a clearly contrasting response to the temperature variations. Our findings suggest that growth of Qilian juniper in the middle of the Qilian Mountains will increase steadily in the future rapid warming, but may remain constant or even decrease in the northeastern Qaidam Basin. These contrasting responses to temperatures provide valuable information on forest dynamics Climatic Change (2015) 
Introduction
Trees absorb large quantities of carbon from atmospheric CO 2 and store this carbon for long periods, but they also release carbon through leaf abscission, loss of twigs and branches, and decomposition of fallen parts; these processes form a critical component of the terrestrial carbon cycle (Anderegg et al. 2013; Williams et al. 2013; Fang et al. 2014) . In response to the dramatic environmental changes that have been occurring in recent decades, especially increasing CO 2 levels and the associated global warming, many studies have been conducted on tree growth and carbon (C) sequestration in many parts of the world, using a range of approaches Fang et al. 2014; Wu et al. 2014a; Yu et al. 2014) . Forest inventories and eddy covariance observations have revealed enhanced tree growth in Japan and in subtropical forests governed by the East Asian monsoon (Fang et al. 2014; Yu et al. 2014) . Model simulations have suggested that climate change has mainly increased growth in maritime and boreal regions of British Columbia (B.C.), Canada's forests (Wu et al. 2014a ). However, dendrochronological methods have found that tree growth has declined substantially around the world, and mortality has increased in some cases, during recent decades Williams et al. 2010; Peñuelas et al. 2011; Liu et al. 2013) . Increasing temperatures and drought stress appear to be the primary factors that control the response of tree growth (Anderegg et al. 2013; Williams et al. 2013) . Therefore, climate change has been recognized as playing a vital role in forest ecosystems.
Warming trends have been particularly pronounced in semi-arid regions, especially in the northern mid-latitude regions, during the last century (Huang et al. 2012) . Furthermore, semiarid and arid forests are of particular importance for global carbon cycles because the large interannual variability in the global carbon sink appears to have been driven by changes in the growth of vegetation in semi-arid areas (Poulter et al. 2014 ). Ongoing changes due to rapid warming of semi-arid and arid regions are altering tree growth conditions for many species worldwide . Evidence from tree-ring width series suggests that tree growth declines in central Asia have been confined to forests in semi-arid regions . Forests within the semi-arid southwestern United States have also experienced substantially reduced growth in recent decades, and are predicted to continue this trend in the 21st century (Williams et al. 2010) . However, little attention has been paid to tree growth in the different regions of northeastern Qinghai-Tibetan Plateau, where the warming trend has been stronger than in most other regions .
Here, we sampled and developed seven new tree ring chronologies from living Qilian juniper located in the middle of the Qilian Mountains and the northeastern Qaidam Basin to evaluate the growth trends in recent decades. In the middle of the Qilian Mountains, we sampled three sites at a high elevation (near the upper treeline) and three sites at a lower elevation to detect and explore any differences in their growth trends. We also combined two previous chronologies in the northeastern Qaidam Basin. To address how climate change has influenced tree growth, we used dendrochronological methods to understand the reactions of Qilian juniper to climatic variations in these regions of the northeastern Qinghai-Tibetan Plateau. We also used moving-window correlation analysis to quantify the effects of interannual to multi-decadal climatic variation on radial growth of Qilian juniper.
Materials and methods

Study area
We selected the middle of Qilian Mountains and the northeastern Qaidam Basin as our study areas. The two study areas are both located in the northeastern Qinghai-Tibetan Plateau, and they are about 300 km apart (Fig. 1a) . The two region's climates are both under a strong continental influence, and are characterized by long, cold, and dry winters. In the middle of the Qilian Mountains and the northeastern Qaidam Basin, total annual precipitation averaged 309 and 153 mm, respectively, during the common period for which data is available (from 1960 (from to 2008 . The mean annual temperature was 0.70°C in the middle of the Qilian Mountains, with monthly means ranging from −14.37°C in January to 13.44°C in July, and 2.95°C in the northeastern Qaidam Basin, with monthly means ranging from −11.48°C in January to 15.45°C in July (Fig. 1b) . The dominant tree species in the study areas are Qilian juniper and Qinghai spruce (Picea crassifolia). Qilian juniper is mostly distributed on sunny slopes at elevations of 3000 to 3600 m a.s.l. in the middle of the Qilian Mountains and 3500 to 4000 m a.s.l. in the northeastern Qaidam Basin. The species can survive intense drought, and therefore represents an important drought-tolerant species of the forest-steppe ecotone. The soils are generally similar in the two regions (primarily loess deposits), with a thickness of 20 to 50 cm on gentle slopes, but they are thinner and may even disappear entirely on steep, eroded slopes in the mountains.
Field sampling and dendrochronological methods
In the middle of the Qilian Mountains, we tried to obtain two core samples per living tree from Qilian junipers at three high-elevation and three low-elevation sites in May of 2013. The range of elevations was 200 to 300 m at each site. In the northeastern Qaidam Basin, we sampled from Qilian junipers at the Delingha County, where China's longest tree ring width chronology was developed (Shao et al. 2010; Yang et al. 2014) .
After air-drying and sanding the cores in the laboratory, we measured the ring widths to a precision of 0.01 mm and confirmed their dates using the COFECHA software (Holmes 1983 ). In addition, we used two published tree-ring chronologies from the Delingha County of the northeastern Qaidam Basin to improve our geographical coverage of Qilian juniper growth (Shao et al. 2009 ). In total, nine Qilian juniper tree-ring chronologies were used in the present study. We used negativeexponential or linear regression models to detrend the age series for each tree and developed the tree-ring width chronology using the ARSTAN software (Cook 1985) . Table S1 provides detailed information about the sampling sites and their tree-ring dating characteristics. In the present analysis, we focused primarily on the tree growth trends and their response to recent climate change. Based on the overlapping periods in our data, we obtained the tree-ring width and raw ring width series since 1800, with the longest periods extending from 1800 to 2012 in the middle of the Qilian Mountain and from 1800 to 2008 for the northeastern Qaidam Basin.
Ring width in mature trees declines with age. Thus, if a change in growth trends is suspected, it may be impossible to investigate the trend based solely on the changes in ring width. Actually, the conversion of radial increment (ring width) into basal area increment (BAI) can overcome this problem (Phipps and Whiton 1988) . Present, we derived an annual BAI series at each site, calculated forward from the pith to the bark, from the averaged raw ring widths based on the assumption of concentrically distributed tree rings (Phipps and Whiton 1988) : where R is the radius of the averaged ring width from all trees that had distinct growth rings in a given year and n is the year of tree-ring formation. However, Qilian juniper trees are typically of strip-bark forms, then, the assumption of concentrically distributed principle, in some way, may be not conformed. Nevertheless, the BAI method provides an additional evidence to detect the long-term tree growth trends. A recent study reviewed and evaluated the four different widely used methods to detect long-term tree growth trends and suggested applying multiple methods when analyzing trends (Peters et al. 2015) . Here, we used both the tree-ring width series deduced from the conservative detrending method and the BAI chronologies to detect the recent Qilian juniper growth trends. We also compared the conservative detrending series and the previous published reconstructed precipitation variations using signal-free regional curve standardization method (Fig. S1 , Yang et al. 2014) in the northeastern Qaidam Basin, and found they are correlated significantly (r=0.92, p<0.001) with each other during the period 1800 to 2008.
Data analysis
We obtained climate data from four meteorological stations (Qilian, Yeniugou, Tuole, and Zhangye) in the middle of the Qilian Mountains. For the northeastern Qaidam Basin, climate values from the Dulan, Delingha, and Dachaidan meteorological stations (Table S2 ). The climate variables were the monthly maximum temperature (T max ), monthly mean temperature (T mean ), monthly minimum temperature (T min ) and monthly total precipitation. All the meteorological datasets were obtained from the National Climate Center, China Meteorological Administration. Due to the different altitudes of the weather stations, the monthly mean precipitation and temperature were first scaled and then used long-term mean values to calculate separately for each month of the year in the two regions respectively (Yang et al. 2014) . The time spans for the middle of the Qilian Mountains and the northeastern Qaidam Basin climate data were from 1960 to 2012 and from 1957 to 2008, respectively. To detect the regional climate and tree growth trends, the Mann-Kendall trend tests were used. We tested their significance using the Theil-Sen trend estimate (http://www.singlecaseresearch.org/calculators/theil-sen). Due to differences in the absolute values of the different BAI chronologies, we first normalized each series to produce standard Z-scores, and then averaged the results to produce composite BAI chronologies for the two regions. To avoid the low-frequency trends of the climate parameters and the tree growth series, we calculated the high-frequency signal (i.e., the residuals from the linear trend fit) derived from the BAI, tree-ring width series and the four climate parameters (the monthly T mean , T min , T max , and total precipitation). We correlated the high-frequency residuals with the interannual climatic variations from the previous August to the current October for both regions. We also used either a 21-year or a 30-year moving-window correlation analysis to calculate the temporal stability of the time series. Correlation and Z-score analyses were conducted using the SPSS 16.0 statistical package (SPSS, Chicago, IL, USA).
Results
Climatic trends
During the common period from 1960 to 2008, there has been a continuous and significant warming trend (Table 1 , Fig. S2 ). In the middle of the Qilian Mountains, annual T mean (Table 1) . Moreover, the monthly T min and T max also increased significantly, and T min increased faster than T max in all periods, thereby decreasing the diurnal temperature range. Although the annual precipitation increased at a rate of 6.4 mm per decade, the increase was not statistically significant (p>0.05); however, precipitation increased significantly in summer and winter, though the rate of increase was an order of magnitude greater during the summer. Fig. S2 shows that growing season precipitation ranged from 204.7 mm (1991) to 385.4 mm (1998).
In the northeastern Qaidam Basin, significant increases occurred in all three temperature parameters (T max , T mean , and T min ) and in precipitation ( Table 1 ). The mean growing season temperature increased at a rate of 0.26°C per decade, which is equal to that in the middle of the Qilian Mountains, but the growing season precipitation increased faster in this arid basin (at 10.98 mm per decade, p<0.01). Growing season precipitation ranged from 53.6 mm (1961) to 226.7 mm (2002) in this region (Fig. S2 ). The coefficient of variation for precipitation was larger in the northeastern Qaidam Basin than in the middle of the Qilian Mountains (30.1 and 13.6 %, respectively).
Tree growth trends
In the middle of the Qilian Mountains, mean raw ring width and BAI were smaller at the highelevation sites than at the low-elevation sites during the period from 1800 to 2012 (Table 2) ; nevertheless, the means for the high-elevation sites were generally equivalent to or higher than those of the low-elevation sites during the period from 1950 to 2012. Trend analysis revealed that raw ring width, BAI and tree-ring width series increased significantly at the high-elevation sites, for the low-elevation sites, raw ring width, BAI and tree-ring width series increased significantly at SDL-L (Table 2) . Mean Z-scores for the high-and low-elevation BAI and tree-ring width chronologies both revealed substantial common periods of enhanced tree growth from 1950 to 2012 (Fig. 2a, c) , the growth increased faster in the high-elevation chronology than in the low-elevation series. However, an independentsamples t test found no significant difference between the first-order differences in the two time-series (n=63, p>0.05). The correlations between the two chronologies were temporally stable based on the 30-year moving-window correlation analysis (Fig. 2a, c, bottom) . These results indicated that growth of Qilian juniper at both elevations exhibited a consistent pattern of inter-annual variation. We therefore averaged the high-and low-elevations tree growth chronologies to represent the overall regional pattern of tree radial growth in the middle of the Qilian Mountains in our subsequent analyses.
Tree growth showed consistent variation at the three sites in the northeastern Qaidam Basin (Fig. S3) . Mean raw ring-width and BAI values since 1950 were higher than means for the whole period, which suggests unprecedentedly rapid tree growth in the most recent decades. Since 1950, BAI increased significantly at all sites, tree-ring width increased significantly at the DLH and DLH3 (Table 2) . We correlated the pairwise coupling of the three tree growth chronologies, and found statistically significant correlations during the common period from 1800 to 2002 (r>0.68, p<0.001). These combined results suggest that tree growth varied coherently in the northeastern Qaidam Basin, so we averaged the three BAI and tree-ring width chronologies to form the regional composite chronologies in our subsequent analyses.
Comparison of the standardized BAI chronologies and tree-ring width series from the middle of the Qilian Mountains and northeastern Qaidam Basin revealed high synchronicity in the trend of enhanced tree growth since 1950 (Fig. 2b, d, top) . Since 1950, the standardized BAI series for both regions increased significantly and similarly (with slopes of 0.029 and 0.028 cm 2 year −1 , respectively), the tree-ring width series also increased significantly.
Correlation analysis showed that the tree growth of the two regions were significantly positively correlated (r=0.46, 0.43 for the BAI and tree-ring width, respectively, p<0.01) during the common period from 1800 to 2008. However, the moving-window correlation coefficients decreased after 1950, and were not significantly correlated during most of this period (Fig. 2b, d, bottom) . The decreased correlations suggest that tree growth may respond differently to the regional environmental changes, leading to substantially divergent growth responses in the two regions in response to the rapid warming in recent decades.
Responses to climate change
The climatic-response patterns differed between the middle of the Qilian Mountains and northeastern Qaidam Basin in both the response pattern and the signal strength (Table 3 ). In the middle of the Qilian Mountains, the BAI residuals responded sensitively and positively to T mean and T min during the current January and March, and the correlations were stronger for T min (Table 3) . Nevertheless, there were no significant correlations between the northeastern Qaidam Basin BAI series and the climatic parameters during the growing season, except for a weak significant correlation (r=0.29, p<0.05) with precipitation in May. In the northeastern Qaidam Basin, the BAI series was significantly (p<0.01) positively correlated with precipitation in May and June and significantly negatively correlated with T max during this period and with T mean in June. No significant correlation was found between the BAI residuals and T min in the northeastern Qaidam Basin (Table 3 ). The climatic-response patterns of tree-ring width residuals showed similar patterns and signal strengths to the BAI residuals in the two regions (Table S3 ) These results suggest that winter mean and minimum temperatures influenced tree growth in the middle of the Qilian Mountains, whereas growth in the northeastern Qaidam Basin was mostly affected by precipitation and temperature variations during the early growing season (May and June).
To reveal the temporal changes in tree growth and their relationships with climatic variations, we conducted a 21-year moving-window correlation analysis for the two regional high-frequency BAI, tree-ring width series and their corresponding most important climate parameters (based on the correlations in Table 3) (Fig. 3) . In the middle of the Qilian Mountains, T min T max and T mean in the previous winter showed increasingly significant positive correlations with BAI and tree-ring width chronologies over time (Fig. 3a, c) . In the northeastern Qaidam Basin, The high-frequency variation was represented by the residuals between the raw data series and the fitted linear regression. The letter Bp^before a month name indicates the previous year. T mean , T min , and T max represent the regional monthly mean temperature, mean minimum temperature, and mean maximum temperature variations Significance levels: *, P<0.05; **, P<0.01 precipitation during the early growing season was consistently significantly and positively correlated with the BAI, tree-ring width series from the whole period 1957 to 2008 (Fig. 3b, d ). The strong negative correlations trends between BAI, tree-ring width and both T mean and T max from May to June after the interval of 1975 to 1995 indicated that increasing temperature has significantly suppressed tree growth in recent years. The correlation between BAI, tree-ring width and T min in May and June changed dramatically, from a significant positive correlation to a nonsignificant negative correlation (Fig. 3b, d ). These results indicated that the warming climate gradually enhanced tree growth in the middle of the Qilian Mountains, but decreased tree growth in the northeastern Qaidam Basin.
Discussion
4.1 Consistent tree growth at high and low elevations Salzer et al. (2009) reported that tree radial growth after 1950 at three upper-treeline sites in western North America was unprecedentedly rapid, and the growth surge was occurred only in . The values outside of the shaded areas represent the significance at 95 % confidence level. The climate variables were the monthly minimum temperature (T min ), monthly maximum temperature (T max ), monthly mean temperature (T mean ) and monthly total precipitation a limited elevational band within~150 m of upper treeline, regardless of treeline elevation. In contrast, the present study found consistent patterns of Qilian juniper growth at the high-and low-elevation sites. Consistent growth at high-and low-elevation sites has been reported in other parts of the Qinghai-Tibetan Plateau (Gao et al. 2013; Yang et al. 2013) . Water stress was the main climatic factor that caused homogeneous tree growth across an altitudinal gradient in the western of the Qilian Mountains . However, in western North America, tree growth at the upper treeline increased significantly with increasing temperature, but growth chronologies of the non-treeline were positively correlated with precipitation (Salzer et al. 2009 ). Though we found that the previous winter's temperature most strongly controlled the growth of Qilian juniper at the Qilian Mountains sites, there were no striking differences among the altitudes. Thus, we averaged the high-and low-elevation chronologies and used the result to represent the regional tree growth.
Divergent response to the warming of different regions
Our results revealed consistently increasing tree radial growth in the middle of the Qilian Mountains and northeastern Qaidam Basin since 1950. Recently, speedup of tree growth in the Tianshan Mountains, where the climate conditions were similar to our present study, has been evidenced in both the high-and low-elevations (Qi et al. 2015) . However, other studies found large-scale tree growth decline in the Hemi-Boreal forests (Wu et al. 2012 (Wu et al. , 2013 (Wu et al. , 2014b Liu et al. 2013) . The growth decline were mainly caused by the warming-induced water limitations, especially the warmer spring (Wu et al. 2012 (Wu et al. , 2013 ; while, previous autumn and winter temperature improved the speedup of tree growth in the Tianshan Mountains (Qi et al. 2015) . Previous researches using dendroclimatological methods have demonstrated that temperatures during the previous winter played a dominant role in growth of Qilian juniper in the middle of the Qilian Mountains Gao et al. 2013 ). In addition, precipitation during the previous winter (mostly in the form of snow) also contributed to the recent enhancement of tree growth (Fig. 3a, c) . In the northeastern Qaidam Basin, temperatures during the early growing season (T mean , T min , and T max ) played an increasingly critical role in determining tree growth. Regional T mean and T max have been increasing significantly in recent decades (Table 1, Fig. S2 ), which resulted in increasing evapotranspiration and drought stress. In addition, increasing T min prior to the interval of 1959 to 1979 significantly increased tree growth, but the strength of the correlation decreased dramatically and eventually decreased tree growth afterwards the interval of 1973 to 1993 (Fig. 3b, d) .
The different temperature responses of trees in the two regions may be related to their different moisture conditions (Porter and Pisaric 2011; Lévesque et al. 2013) . Water limitations and warming-induced drought are primary drivers of a regional tree growth decline or even increased tree mortality in recent decades (e.g., Allen et al. 2010; Anderegg et al. 2013; Liu et al. 2013; Williams et al. 2013 ). In the northeastern Qaidam Basin, Qilian juniper is sparsely distributed, and is mostly found in mountainous areas where above-average precipitation results from orographic effects (Du and Sun 1990) . When temperatures during the early growing season increase, evapotranspiration increases, and the increasingly severe water limitations would threaten tree growth; conversely, decreasing temperatures would decrease evapotranspiration and be helpful for tree growth. Thus, tree growth in this arid region mostly depended on the available water Yang et al. 2014) . However, in the middle of the Qilian Mountains, water limitations would be less severe, and a warmer winter would protect the roots of trees from frost damage and advance the onset of xylem formation and primary growth Gao et al. 2013; Huang et al. 2014 ). In addition, monitoring intra-annual variability in radial growth also found that the previous growing season temperature was a major limiting factor in Qilian juniper growth in the middle of the Qilian Mountains (Wang et al. 2015) Thus, temperatures would potentially be more critical to juniper growth in the Qilian Mountains. Nevertheless, temperature and precipitation have interacting effects during the growing season, and their interaction would also affect tree growth in the middle of the Qilian Mountains. Furthermore, the relationships between the regional standardized BAI series and the corresponding Palmer Drought Severity Index (PDSI), standardized precipitation-evapotranspiration index (SPEI) during the growing season from 1955 to 2008, and also the growing season precipitation from 1960 to 2008 confirmed the divergent effects of drought on tree growth in our two study areas (Fig. S4) . Thus, it is likely that the increased growth of Qilian juniper in the northeastern Qaidam Basin was mainly caused by the significant increase in precipitation, whereas the growth increase in the middle of the Qilian Mountains was dominated by increasing temperatures.
Future temperatures and precipitation in the Qinghai-Tibetan Plateau have been simulated using many climate models (e.g. Su et al. 2013; Chen and Frauenfeld 2014) . All of the simulation results predict a warming trend in the 21st century, with the amplitude of the warming larger than that of the increase in precipitation for the Qinghai-Tibetan Plateau (Su et al. 2013; Chen and Frauenfeld 2014) . If the temperature continues to rise faster than the precipitation increases, then growth of Qilian juniper in the middle of the Qilian Mountains should increase steadily, whereas growth in the northeastern Qaidam Basin may remain stable or even decrease.
The observed tree growth trends could also be partly caused by increasing atmospheric CO 2 and nitrogen deposition (Huang et al. 2007; Law 2013) . Empirical evidence from experiments with a controlled CO 2 concentration and from free-air CO 2 enrichment (FACE) experiments suggest the existence of a BCO 2 fertilization^effect caused by the rising CO 2 concentration (Ainsworth and Long 2005; Huang et al. 2007) , and the increased intrinsic water use efficiency (iWUE) that results from increasing atmospheric CO 2 concentrations could also stimulate tree growth (Ainsworth and Rogers 2007; Niu et al. 2011) . However, several studies have indicated that trees did not significantly increase their growth and may even have experienced a growth decline despite increasing atmospheric CO 2 concentrations and increasing iWUE in natural forest ecosystems (Peñuelas et al. 2011; Wang et al. 2012; Lévesque et al. 2014) . In addition, a persistent increase in nitrogen deposition caused by human activity has been proposed to explain the increased carbon sequestration by forest ecosystems (Schlesinger 2009; Leonardi et al. 2012; Law 2013) . Whereas, recent evidence suggests that such nitrogen deposition may have little effect on the boreal forest carbon cycle (Gundale et al. 2014 ) and further works are need to clarify this perplexity. Thus, the roles and the magnitudes of the impacts of rising CO 2 concentrations and nitrogen deposition on tree growth remains unclear, and in situ observations in the northeastern Qinghai-Tibetan Plateau will be required in the future.
Conclusions
In summary, our results indicated that consistent patterns of tree growth have occurred at high and low elevations in the middle of the Qilian Mountains, and that tree growth in the different regions of the northeastern Qinghai-Tibetan Plateau showed highly consistent trends (increased growth since 1950), but with different driving factors. The details of the response and a moving-window correlation analysis for the relationship of BAI and tree-ring width series and regional climate factors demonstrated that increasing temperatures (particularly in the winter) accelerated tree growth in the middle of the Qilian Mountains, but decreased tree growth in the northeastern Qaidam Basin. Conversely, increasing precipitation during the growing season stimulated growth in the Qaidam Basin. These results suggest that growth of Qilian juniper in the middle of the Qilian Mountains should increase steadily in the future, whereas growth may remain stable or even decrease in the northeastern Qaidam Basin. Our findings increase our understanding of the factors that drive tree growth (here, temperature and precipitation) under certain environmental conditions. The divergent responses of the trees in our two study regions to temperature and precipitation should therefore be incorporated into predictions of future forest carbon cycling.
